ABSTRACT This review examines the importance of the epithelial origin of granulosa cells and their possible contribution to the development of ovarian cancers in three animal models. We hypothesise that undifferentiated granulosa cells, devoid of their germ cell regulator, retain their embryonic plasticity and may give rise to ovarian cancers of epithelial origin. Dazl-KO and FancD2-KO mice and BMP15-KO sheep are animal models in which germ cells or oocytes are lost at specific stages of follicular formation or growth, leaving behind clusters of residual, but healthy somatic cells. A common feature in Dazl-and Fancd2-KO animals following germ cell/oocyte loss is the presence of sex cords and intraovarian epithelial ducts or tubules. In Dazl-KO mice, cord/tubule-like structures, OSE invaginations and clusters of steroidogenic cells became increasingly prominent with age, but these abnormal structures remained benign. In Fancd2-KO mice, the formation of sex-cords and intraovarian tubules lead to the formation of tumours with multiple phenotypes including luteomas, papillary cysts and malignant carcinomas (e.g. adenocarcinomas). In BMP15-KO sheep, oocytes die as follicles start to grow, leaving 'nodules' containing granulosa cells with a capacity to respond to follicle stimulating hormone and synthesize inhibin. Thereafter, these nodules coalesced and a range of benign solid or semi-solid tumour phenotypes developed. We conclude that premature loss of oocytes, but not granulosa cells, leads to tumour formation with multiple phenotypes. Moreover, the severity of tumour development is linked to both the specificity of the mutation and the timing of oocyte loss relative to that of follicular formation.
Introduction
Ovarian cancers (OC) present as a remarkably diverse array of tumour phenotypes. Although the initiating events, specific cell lineages and genes that lead to the progression of neoplastic cells to these phenotypes remains to be fully elucidated, the consensus view is that OC is not a single disease and unlikely to be due to a single causal event (Vaughan et al., 2011) . Moreover, the evidence suggests some aggressive OC of epithelial origin do not originate in ovarian tissues (Auersperg 2011; Kurman & Shih, 2010; Vaughan et al., 2011; Kim et al., 2012) . Nevertheless, gene expression profiling of human ovaries and reported outcomes from genetically mutant mouse models, suggest that the ovarian surface epithelium (OSE) is also likely to be a source of OC (Vanderhyden 2005 ; Bowen et the most common of those reported being granulosa cell tumours (Howell et al., 1954; Guthrie 1958; Krarup 1970) . Additionally, tumours such as those referred to as sex cord tumours are also considered to be of granulosa cell origin (Fuller et al., 2002) . In animal models in which the oocyte growth factors, bone morphogenetic protein 15 (BMP15) or growth differentiation factor 9 (GDF9) are inactivated or where the biological activity of these factors is modified, ovarian follicular development is severely compromised soon after the initiation of growth (Braw-Tal et al., 1993; Dong et al., 1996; Juengel et al., 2000 Juengel et al., , 2002a Hanrahan et al., 2004; Nicol et al., 2009) . Thereafter, the oocytes but not the granulosa cells degenerate resulting in a variable range of abnormal phenotypes. While oocytes have a profound regulatory influence on granulosa cell proliferation (Gilchrist et al., 2001; Eppig 2001) , surviving granulosa cells following the premature loss of oocytes still retain an ability to proliferate and/or to transform into cord-like, solid (e.g. luteal like) or cyst-like structures (Braw-Tal et al., 1993 , Wu et al., 2004 .
Using three animal models in which oocytes are lost prematurely, this review will address the hypothesis that granulosa cells of epithelial origin retain their plasticity and in some cases, when devoid of their germ cell regulator, grow in an uncontrolled manner to form tumours with multiple phenotypes. In the deleted in azoospermia-like (Dazl) knockout (KO) mouse model, germ cells become associated with somatic cells of presumed epithelial origin within ovigerous cords before birth. However in the first few days after birth, all oogonia/oocytes die leaving behind the associated epithelial cells. Thereafter, these oocyte-deficient ovaries undergo abnormal transformational changes (McNeilly et al., 2000) . In the case of Fanconi anemia complementation group D2 (Fancd2) KO mice, some primordial follicles form and start to grow but by three months of age all oocytes have died and the surviving granulosa cells often become reorganised into sex cords. Over time these give rise to ovarian tumours often characterized by epithelial and malignant phenotypes (Houghtaling et al., 2003) . In the homozygous BMP15-mutant sheep, granulosa cells become associated with oocytes to form primordial follicles, but oocytes die once follicle growth is initiated leading to the formation of ovarian tumour-like structures (BrawTal et al., 1993) .
A consistent and important observation is that following the loss of oocytes, residual granulosa cells persist in nodules, or develop into cords and/or tubules. This predisposition for epithelialderived cells that were previously associated with oocytes in primordial follicles to form cords, or intraovarian ducts, may be indicative of an undifferentiated cell-type that has retained its fetal origins and plasticity (van Wagenen & Simpson 1965; Sawyer et al., 2002; Mork et al., 2012) . For the purposes of this review the process of primordial follicle formation, using sheep as the principal animal model, will be described. Comparisons to primordial follicle formation in the mouse and human will be made. In addition, the fate of germ cell-associated epithelial/granulosa cells in Dazl-KO and Fancd2-KO mice, and the (bar, 20 mm) . This figure was reproduced from Sawyer et al. (2002) with permission from Biol. Reprod.
Fig. 1. Histoarchitecture of ovine fetal ovaries at days 55 (A,B) and 75 (C,D) of gestation highlighting the ovarian surface epithelium (OSE), ovigerous cords (OC), oogonia (OO) and pregranulosa cells (pGC). (A) Extensive arrays of ovigerous cords isolate germ cells and pGC from surrounding stroma (bar, 80 mm). (B) Note the multiple layers of OSE immediately adjacent to OO within the OC (bar, 20 mm). (C) OC were open to, and continuous with the OSE through Day 75 (bar, 5 mm), and (D) cross-section through an OC with preGC interspersed amongst oocytes that have initiated meiosis
homozygous mutant BMP15 sheep model will be described. In the Dazl-KO model, somatic cells make contact with germ cells before birth, but follicles fail to form in early post-natal life after premature loss of oocytes. In the Fancd2-KO mice, primordial follicles form but oocytes die within the first month(s) of neonatal life. In the homozygous BMP15-mutant sheep model primordial follicles form normally, but oocytes are lost once follicular growth is initiated. In all three of the models considered herein, oocyte loss is followed by a progressive series of abnormal morphological transformations involving germ cell associated cells or epithelial-derived granulosa cells that lead to tumours with multiple phenotypes.
Ovarian follicular assembly
The sequence of morphological events leading to ovarian follicular formation in sheep has been described in detail (Sawyer et al., 2002; Juengel et al., 2002b) . By the time of gonadal sex differentiation (Days 30-35 of fetal life), most germ cells (as assessed by c-kit mRNA localisation and morphology) were localised to the ovarian cortex Sawyer et al., 2002) with some closely associated with the OSE. Around day 38 of fetal life, many germ cells in the cortex were in direct physical contact with at least one somatic "pregranulosa" cell. These fusiform-shaped mesenchymal cells have long cytoplasmic processes (Sawyer et al., 2002) and express kit ligand . The sequence of events leading to follicular formation is described in Figs 1,2. After Day 38, the pregranulosa cell-oogonia complexes coalesced with one another to form tube-like structures referred to as ovigerous cords (Sawyer at al. 2002; Figs. 1,2) . Pregranulosa cells that form the walls of these cords are thought to be the source of the basal lamina that separate the cords from the surrounding stroma. Thereafter and over a ~40 day interval, ovigerous cords continue to form within the ovarian cortex. As a result of this segregation, most oogonia and associated pregranulosa cells become isolated from somatic cells in the stromal regions but remain contigious with the OSE (Fig.  1) . Here, the mitotically-active oogonia are apparently limited to recruiting pregranulosa cells from the proliferative OSE. It is worth noting that outside the ovigerous cords, residual clusters of germ cell-like cells are evident in the ovarian medulla that do not appear to be associated with somatic cells or bounded by a basal lamina. These cells have been referred to as "lost" germ cells (Sawyer et al., 2002) . The interval between ~Days 55-90 of fetal life is defined by two very significant events. As oogonia contained within the upper regions of the ovigerous cords are recruiting pregranulosa cells from the OSE, those within the lower regions are either entering meiosis or undergoing apoptosis. Indeed, between ~Days 55-90, over 80% of the germ cells undergo apoptosis (McNatty et al., 1995) . However there is no morphological evidence to suggest that the pregranulosa cells are affected (Sawyer et al., 2002) . In fact, it appears that these 'spare' pregranulosa cells are recruited by the surviving oocytes that have completed their maturation through the first stages of meiosis (Sawyer et al., 2002) . Thus, the surviving oocytes appear to recruit a sufficient complement of pregranulosa cells (i.e. ~16) to form a primordial follicle that becomes isolated from the base of the cord by a complete basal lamina . Although the first oogonia enter meiosis on ~Day 55, the last do not complete this process until ~Day 120. Nevertheless, by Day 75, the first primordial follicles begin to emerge from the base of the ovigerous cords at the cortical-medullary interface. And, between Days 75-100 there is a gradual dissolution of the cords as more and more follicles become isolated at the base of each cord (Fig. 2) . From Day 75 until complete dissolution of the ovigerous cords, the integrity of the basal lamina is maintained notwithstanding the emergence of primordial follicles each with their own basal lamina. From stereological studies, it is evident in sheep that >95% of granulosa cells must have originated from the OSE (Sawyer et al., 2002) . A key point with respect to follicular formation is that initial populations of follicles present at the base of the cords after Day 75 of fetal life are amongst the first-formed. Therefore, these follicles are the most likely to contain pregranulosa cells that were recruited from a mesenchymal source during the initial stages of ovigerous cord formation. These are also the first of the follicles to enter the follicular growth phase that is initially observed at ~Day 90. Moreover, by Day 135 of fetal life (some 10 days before birth), over 20,000 of the early-formed follicles will have entered the growth phase (McNatty et al., 1995) . Therefore, as >25% of the pool of newly-formed follicles would have entered the growth phase before birth and since >95% of the pregranulosa cells originate from the OSE, the evidence would indicate that essentially all follicles that first enter the growth phase after birth contain granulosa cells of epithelial origin.
The question arises as to whether granulosa cells in other species also originate from the OSE. Peters (1978) proposed that the contribution of a proliferative OSE to granulosa cell formation in primordial follicles would vary widely between species. In the human, monkey, dog, cat, rabbit and guinea pig there is marked proliferation of the OSE when follicular formation is in progress with no barrier between the germ cells, the OSE and the ovigerous cords. In humans, the sequence of events leading to follicular formation during fetal life closely parallels those in sheep including the formation of "lobules" or ovigerous cords open to the OSE, the prolonged interval of meiosis (>150 days), the massive loss of germ cells (>70%) by apoptosis, the first follicles forming at the base of the cords and the very high proportion of follicles entering the growth phase before birth (see Fig. 3 ; van Wagenen & Simpson 1965; Baker 1972; Rabinovici & Jaffe 1990; McNatty et al., 2000) . While van Wagenen & Simpson (1965) describe associations of oogonia with cells of the OSE, it remains uncertain as to what proportion of the granulosa cells are derived from the OSE. This, in part, applies to all species since it is dependent upon the relative proportion of oogonia that attach to mesenchymal cells, the time taken for proliferating oogonia to become segregated from the adjacent stroma and whether the basal lamina extends around the cords within the cortex.
In the mouse, the process of ovarian follicular formation begins during embryonic life but the formation of primordial follicles is not completed until after birth. From embryonic day (ed) 13.5 to 16.5, ovarian cords are established which promote germ cell interaction with somatic cells (Nicholas et al., 2010) . In an elegant study using a series of molecular markers, Mork et al., (2012) concluded that pregranulosa cells in this species originated from the OSE. They report that the first 'wave' of follicles that begin to grow in early neonatal life originated from the medullary region. However, the follicles that grow in adult life are those that had formed perinatally from germ cells in the ovarian cortex and which have been encapsulated by epithelial cells during the first days after birth.
Therefore, it can be concluded for the mouse and sheep that most, if not all, granulosa cells in primordial follicles originate from the OSE. Recently, Mora et al., (2012) reported that the granulosa cells in primordial follicles of the mouse do not display all the characteristics of a classical epithelial cell phenotype due to a lack of tight junctions and an absence in expression of many common epithelial markers such as E-cadherin and cytokeratin 8. However, this is perhaps not unexpected as the epithelial cells being recruited by oogonia for follicular formation are from a proliferating and dispersed population (Sawyer et al., 2002) . Oogonia then attach to these dispersed epithelial cells via desmosome or adhesion junctions. Thus, as soon as the epithelial cells leave the surface of the ovary, the oogonia/oocyte and not the OSE becomes the primary influence in determining their fate and phenotype.
The fate of granulosa cells in Dazl-KO mice
The DAZL protein is an RNA-binding protein present in the cytoplasm of both oogonia and oocytes (Brook et al., 2009) . The presence of DAZL is critical for oogenesis and the formation of primordial follicles and thus fertility (Ruggiu et al., 1997; McNeilly et al., 2000 McNeilly et al., , 2010 . By embryonic day (ed) 18 in homozygous Dazl-KO mice, some oogonia were degenerating although many of the germ cells appeared morphologically normal (Fig. 4) . At birth, most of the oogonia/oocytes present were degenerating whilst the pregranulosa cells remained viable (Fig. 5B) . In contrast, in the wild-type (WT) animals at birth, oogonia/oocytes were most commonly located in 'nests' and were either in contact with pregranulosa cells or in the process of primordial follicular assembly (Fig. 5A) . By Day 7 of postnatal life in WT mice, primordial follicle formation was complete (Fig. 5C ) and some follicles had initiated growth, some even reaching the preantral stages (data not shown). In the homozygous KO mice, some residual mostly degenerating oogonia/oocytes were still located within 'nests' and associated with pregranulosa cells, but there was no evidence of primordial follicle formation (Fig. 5D) . By Day 21, there was no evidence of germ cells within the ovaries, but sex-cords and intraovarian tubules/ducts were frequently observed ( Fig. 5E-H) . Regions of OSE were actively proliferating and luteal-like cells with a large 'foamy' cytoplasm either localised individually, or in clusters, were often present (Fig. 5G) . Some but not all, of these luteal-like cells expressed 3bHSD but there was no evidence for AMH or inhibin expression in these cells or any other ovarian cell types. Additionally, isolated cells or clusters of cells within the ovarian stroma were immuno-positive for cytochrome P450 aromatase and 17a hydroxylase. Surprisingly, despite the increasingly cellular disorganisation within the ovaries, an absence of follicles and very low plasma levels of inhibin a/b, the plasma concentrations of oestradiol and progesterone in KO mice at 8-12 weeks of age were similar to those in WT mice. Moreover, plasma concentrations of FSH and LH were significantly higher in the Dazl-KO compared to that in WT mice (McNeilly et al., 2000) . By 9 months of age in some Dazl-KO mice, either one or both ovaries were abnormally large in size and on some occasions one of the ovaries had a streaklike appearance. A common feature of the enlarged ovaries was the presence of an extensive array of intraovarian cords/ducts and an irregularly contoured OSE with deep invaginations, both of which stained positively for pancytokeratin (Fig. 5H) . Another characteristic of the KO ovaries, irrespective of size, were clusters/ islands of luteal-like cells interspersed between the intraovarian tubules/ducts, which appeared to become increasingly prominent with age. Critically, as assessed by PCNA immunocytochemistry, the extent of ovarian cell proliferation in Dazl-KO mice remained low despite some ovaries exhibiting surface areas absent of OSE, and an apparant integration of the ovarian interstitium with extraovarian fat cells. Nonetheless, there remained no evidence for unusually high mitotic activity, multinucleated cells or metastases in ovaries of KO mice.
It is concluded that in mice devoid of DAZL protein, germ cells are unable to complete meiosis or to form follicles. Although the number of somatic cells incorporated in the cords containing oocytes remains to be determined, it seems that only a limited number of familial OC in the human genome (Houghtaling et al., 2003) and FANCD2 plays an important role in human ovarian tumorigenesis, as FANCD2 protein is low in the OSE of high-risk women (Pejovic et al., 2006) and over-expressed in patients with poor prognosis (Wysham et al., 2012) . The Fancd2-KO mice have previously been reported to contain ovarian follicles although the numbers observed in the follicular growth phase were small. Herein, we describe that the Fancd2-KO mice at 2-3 months of age contain primordial follicles but thereafter no follicles were observed with all homozygous mutants containing ovarian tumours with multiple phenotypes including epithelial carcinomas. The results of these
Fig. 5. Representative micrographs of ovary sections from Dazl-WT (A,C) and -KO (B, D-H) mice at 0 days (A,B), 7 days (C,D), 21 days (E), 3 months (H) and 9 months (F,G) of age after birth. Note the healthy appearance of oogonia/oocytes clustered in ovigerous cords (arrow) (A) or closely-associated with pregranulosa cells (C) in 0-7 day old WT mice compared to degenerating oogonia/oocytes (arrows) and numerous haphazard areas of granulosa cells in similar-aged KO mice (B,D). Common abnormal ovarian phenotypes in Dazl-KO mice include the formation of numerous sex cords (arrows) (E), tubules (arrows) (F,H) which label positively for pancytokeratin (H), invagination of ovarian surface epithelium (arrow) (G) and areas of luteinised cells of spongy appearance (G).
epithelial cells would be recruited by the oogonia/ oocytes given the high level of germ cell degeneration before and around the time of birth. Importantly, in this animal model, no discrete follicular-enclosed structures containing granulosa cells are formed. Since all oogonia/oocytes degenerate before follicles are formed, the surviving somatic cells, that are presumed to be epithelial in origin, are retained within cord-like structures. Although the extent of mitotic activity of these cells remains low, these cord-like structures together with invaginations of the OSE and clusters of luteal-like (steroidogenic) cells become increasingly prominent with age. The increasing propensity of cellular luteinisation is most likely a consequence of elevated gonadotrophin secretion in these KO mice.
In conclusion, the abnormal ovarian structures that arise in the Dazl-KO mice are benign as there is no evidence of OC in this phenotype.
The fate of granulosa cells in Fancd2-KO mice
Fanconi anaemia (FA) is a rare hereditary disease characterised by bone marrow failure, congenital defects and the development of cancers (Bagby & Alter 2006) . The fifteen known FA proteins are clearly involved in DNA repair but there is increasing evidence that at least some of them have additional functions, including the support of stem cell pluripotency (Dao et al., 2012) . FANCD2 is clearly an important component of repair complex formation. Damaged induced nuclear foci contain both BRCA2 and mono-ubiquitinylated FANCD2. The ubiquitinylation of FANCD2 is absolutely required for the formation of foci and its ubiquitinylation depends entirely upon the formation of an intact multimeric FA complex consisting of at least 8 FA proteins (Wang et al., 2004; Bagby & Alter 2006; Thompson & Hinz 2009 ). In the developing human ovary, FANCD2 protein is immunolocalised in both proliferating granulosa cells in growing follicles and oocytes before birth (Holzel et al., 2003) . In the testes, FANCD2 protein was expressed in spermatids, spermatozoa and Sertoli cells, but not in spermatocytes (Holzel et al., 2003) . These findings suggest that FANCD2 protein has a role during DNA replication and meiotic maturation. Recently, a Fancd2-KO mouse has been created (Houghtaling et al., 2003) and these mice display a high prevalence of ovarian epithelial tumours. The location of the FANCD2 gene is linked to the site of studies are summarised in Table 1 with examples of the ovarian morphologies shown in Fig. 6 . Despite the cellular abnormalities in the ovaries of Fancd2-KO mice, no unusual pathologies were observed in those immediately-associated fallopian tubes that were collected.
From the four <5 month old Fancd2-KO mice investigated, only the ovaries from the two youngest mice (<3 months old) contained follicles at the primordial, preantral and antral stages of development confirming the results from a previous report ( Fig.  6B, 6C ; Houghtaling et al., 2003) . All of the large preantral and antral follicles present were undergoing atresia as assessed by the large numbers of pycnotic granulosa cells (Fig. 6C) . In contrast, in the limited numbers of primordial follicles observed, there was evidence of oocyte but not granulosa cell degeneration (Fig. 6B) .
After 3 months of age, no ovarian follicles nor normal corpora lutea were observed. An early pathological event in the ovaries of all four Fancd2-KO mice that were <5 months of age was the presence of sex cords (Fig. 6D) , intraovarian epithelial ducts (Fig. 6E ) and some invagination of the OSE (Fig. 6F) . In ovaries of Fancd2-KO mice from 5-<9 months of age, the ovarian area containing sex cords had increased, together with an increasing presence of discreet areas of tubulostromal adenomas (Fig. 6E) , luteomas ( Fig. 6H ) and intraovarian epithelial cysts (Fig. 6I) . Some of these epithelial cysts had a papillary or a mucinous phenotype (Fig. 6G ). Large areas of OSE were irregular and invagination was common. By 9 months of age, ovaries from Fancd2-KO mice contained integrated tumours of multiple phenotypes including adenocarcinomas whereby highly mitotic cells were invading extraovarian fat cells (Fig. 6 I,J) . The widespread presence of ovarian sex cords and epithelial ducts in the Fancd2-KO mice is reminiscent of early changes in the Dazl-KO mice following loss of oogonia/oocytes but not the pregranulosa cells. In the youngest Fancd2-KO whereby follicles were observed, the granulosa cells of growing, but not primordial, follicles were undergoing apoptosis. This concurs with the localisation studies in developing human ovaries where the FANCD2 protein is localised to granulosa cells of growing follicles and oocytes (Holzel et al., 2003) . Therefore, one interpretation of these early pathological events is that tumorigenesis in these aforementioned mice models is due to the uncontrolled growth of granulosa cells from pre-existing primordial follicles that are devoid of their germ cell regulator.
However, the Fancd2-KO is a very complex animal model with the onset of ovarian pathological changes evident early in neonatal life. This complexity arises because, in the absence of FANCD2 protein, survival of oocytes is seriously impaired and the ongoing risk to DNA damage in the follicular cells and other ovarian cell-types is increased. While further studies are required, it is evident that oocytes in all primordial follicles die within the first month of neonatal life, and that extensive and rapid remodelling of the ovary occurs with an increasing abundance of sex cords and intraovarian epithelial-like tubules that are sometimes, but not always, continuous with the OSE. Thereafter, tumours with multiple phenotypes develop with some fulfilling the criteria of malignant carcinomas. The question arises as to whether granulosa cells contribute to these phenotypes? This will require further study. Our interpretation is that the epithelial-derived granulosa cells from primordial follicles are a significant contributor to the sex cords and intraovarian derived tubules following oocyte loss. We suggest that these cells together with those derived from the OSE contribute to the origins of both the benign and malignant carcinomas observed in this model.
The fate of granulosa cells in BMP15 deficient sheep
Female sheep with homozygous inactivating mutations in the pro-or mature-regions of the BMP15 gene are infertile (Galloway et al., 2000) . Normal follicular development is blocked at the primary follicle stage and the ovaries present with a "streak" appearance (Braw-Tal et al., 1993) . However, the numbers of follicles that form during fetal life and the proportions of follicles that initiate growth in either fetal or neonatal life were not different between the homozygous-mutant and wild-type ewes (Braw-Tal et al., 1993; Smith et al., 1997; McNatty et al., 2001) . Following the initiation of follicular growth in the BMP15 deficient animals, oocytes enlarge from ~25 to ~80mm in diameter, but without a concomitant increase in the numbers of granulosa cells. In wild-type ewes, there is a 9-15 fold increase in the number of granulosa cells as oocytes enlarge to 80mm compared to a <3-fold increase in homozygous-mutant ewes which was accompanied by a significant cellular disorganisation but no evidence of apoptosis (Braw-Tal et al., 1993; Smith et al., 1997) . A common feature in all homozygous BMP15 mutant ewes was that the enlarging oocytes all degenerate leaving remnants of zona pellucida and oocyte-devoid follicular 'nodules' (Fig. 7) .
As the numbers of these nodules increased over time, they often coalesced to form large solid or semi-solid (fluid-filled) structures that in some cases secreted inhibin (Braw-Tal et al., 1993; see also Fig. 8) . As these large abnormal structures (tumours) developed, circulating plasma levels of FSH declined from those found typically in ovariectomized ewes to levels observed in ovary-intact animals. Subsequently, in the absence of elevated FSH, these tumours regressed but then were followed by the asynchronous growth of more tumour-like structures so that this cycle of growth and regression was self-sustaining (McLeod et al., 1995) . This implies that the tumours, as they grow, have the capacity to ex- Braw-Tal et al., (1993) 
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Fig. 7. Sections through ovaries from homozygous BMP15 mutant sheep showing follicular structures devoid of oocytes and zona pellucida (A). These are referred to as nodules (n). (B) Abnormal follicle (a), nodules (n) and a nodule with a remnant of zona pellucida (p). This figure was reproduced from
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press biologically-active inhibin dimer which would suppress FSH. A common feature of these nodules and tumours was that they expressed a range of genes (i.e. FSHR, follistatin, a-inhibin, bA and bB-inhibin/activin subunit; Juengel et al., 2000; Fig. 8 ) that are normally only expressed in granulosa cells of type 3 (preantral) follicles and not in any other ovarian cell type . Additionally, other abnormal ovarian phenotypes of granulosa cell origin as assessed by their gene expression profiles or secretory products were also evident (Braw-Tal et al., 1993; Juengel et al., 2000) . These included large, irregular-shaped luteal-like structures and very large (i.e. 20-35 mm diameter) clear fluid-or blood-filled cysts that secreted variable amounts of inhibin, oestradiol, and/ or progesterone. In some homozygous mutants, the presence of extensive areas of extracellular matrix have been reported together with the presence of invasive fibroblast-like tissue and cuboidal cells rich in brown pigment either in cortical regions or the medulla (BrawTal et al., 1993) . Subsequent studies to trace the origins of these abnormalities have not been undertaken. While tumour-like tissues are a common occurrence in homozygous BMP15 mutant sheep, none have ever manifested as metastasizing tumours or contributed to a shortened life-expectancy of these animals relative to the wild-types. Thus for this animal model, it can be concluded that when oocytes die prematurely after follicular growth is initiated, these differentiated granulosa cells go on to form benign solid, semi-solid or cystic tumour-like structures that are stimulated to grow through the actions of FSH (Kumar et al., 1999) . Thereafter, the regression of these tumours is highly correlated to their ability to secrete inhibin and suppress circulating levels of FSH. This interpretation is consistent with the role of inhibin as a tumoursuppressor hormone (Matzuk et al., 1992) and the reason why these tumours are benign.
Another useful model worthy of further analysis is the Thoka GDF9-KO sheep model (Nicol et al., 2009) . In these animals, oocytes also enlarge to 80mm in "growing" follicles but unlike the BMP15-KO sheep, no more than two abnormal layers of granulosa cells are observed. In this animal model, the oocytes but not granulosa cells die, leaving oocyte-deficient nodules. However, no abnormal tumour-like structures were observed and plasma inhibin levels were low. This may support the notion that the surviving granulosa cells had transformed from an epithelial phenotype but had not acquired responsiveness to FSH to develop the tumour phenotypes that are observed in the BMP15-KO sheep.
Discussion and Conclusions
The three animal models chosen for this review represent examples of sequeale whereby germ cells or oocytes die at specific stages of follicular formation or growth leaving behind clusters of residual, but healthy somatic cells. These somatic cells, which are referred to as either pregranulosa or granulosa cells, are derived from the OSE. Since the origins and precipitating causes of OC remains to be determined, it is reasonable to speculate that granulosa cells contribute to carcinomas of epithelial origins, as well as to the more rare prevalence of granulosa cell carcinomas which represent only around 5% of human OC (Robertson et al., 2007) . It is evident from the BMP15-mutant sheep model that once the granulosa cells develop a partially-differentiated phenotype, including receptivity to FSH and a capacity to secrete inhibin, multiple tumour phenotypes can arise but appear to be benign. In the Dazl-KO mouse model, pregranulosa cells become associated with oogonia in cords during the interval preceding follicle formation, but follicles fail to form as the oogonia/oocytes die. In this model, intraovarian ducts and clusters of luteal-like cells form, but are mostly benign. The Dazl-KO mice ovaries do not produce inhibin, but stromal/interstitial cells become steroidogenically active. While it seems likely that the intraovarian epithelial-like cords are of granulosa and/or OSE origin, this remains to be confirmed. The Fancd2-KO model is unique as almost all animals develop adenomas, and with time many develop adenocarcinomas and other aggressive/invasive tumours. A common feature in this model is the rapid appearance of extensive sex cords and intraovarian epithelial-like tubules that is coincident with the loss of oocytes during the first months of life. Therefore it is possible that the abnormal ovarian pathologies that are specific to each of the three models addressed in this review are due to the timing of oocyte loss in relation to follicular assembly and formation.
At present, there are only a limited number of models in which to examine the aetiology of OC. All OC cell lines are derived from existing tumours. Moreover, OC is often only diagnosed in the late stages of tumour progression. The different animal models reported herein provide a unique opportunity to determine the progressive changes in gene expression profiles and hence molecular mechanisms that change over time as tumours develop following germ cell loss. We conclude that premature loss of germ cells leads to ovarian tumour formation with multiple phenotypes. The molecular mechanisms involved in this process are not yet defined nor are the potential roles of the granulosa cells and the cells of the stroma and sex cords. Nonetheless, the intriguing association of these cell types with the neoplastic process suggests that further study will be worthwhile.
